Phosphorylation of eukaryotic initiation factor-2 (eIF2) is an important mechanism mitigating cellular injury in response to diverse environmental stresses. While all eukaryotic organisms characterized to date contain an eIF2 kinase stress response pathway, the composition of eIF2 kinases differs, with mammals containing four distinct family members and the well-studied lower eukaryote Saccharomyces cerevisiae expressing only a single eIF2 kinase. We are interested in the mechanisms by which multiple eIF2 kinases interface with complex stress signals and elicit response pathways. In this report we find that in addition to two previously described eIF2 kinases related to mammalian HRI, designated Hri1p and Hri2p, the yeast Schizosaccharomyces pombe expresses a third eIF2 kinase, a Gcn2p ortholog. To delineate the roles of each eIF2 kinase, we constructed S. pombe strains expressing only a single eIF2 kinase gene or deleted for the entire eIF2 kinase family. We find that Hri2p is the primary activated eIF2 kinase in response to exposure to heat shock, arsenite, or cadmium. Gcn2p serves as the primary eIF2 kinase induced during a nutrient downshift, treatment with the amino acid biosynthetic inhibitor 3-aminotriazole, or upon exposure to high concentrations of sodium chloride. In one stress example, exposure to H 2 O 2 , there is early tandem activation of both Hri2p and Gcn2p. Interestingly, with extended stress conditions there is activation of alternative secondary eIF2 kinases, suggesting that eukaryotes have mechanisms of coordinate activation of eIF2 kinase in their stress remediation responses. Deletion of these eIF2 kinases renders S. pombe more sensitive to many of these stress conditions.
I N response to diverse environmental stresses, phosmodulates gene expression in response to protein misphorylation of eukaryotic initiation factor-2 (eIF2) folding in the endoplasmic reticulum (Harding et al. induces a program of gene expression designed to miti-2002) ; and PKR that participates in an antiviral pathway gate cellular injury. A family of eIF2 kinases that share mediated by interferon (Kaufman 2000) . sequence and structural features in their catalytic doWe have been interested in the mechanisms by which mains has been identified, but have unique flanking eIF2 kinases interface with complex stress signals and regulatory domains, allowing each to recognize distinct elicit stress response pathways. As highlighted for the stress conditions (Chen 2000; Kaufman 2000 ; Dever four mammalian eIF2 kinases, it is proposed that there 2002; Wek et al. 2004) . For examis a primary eIF2 kinase containing a distinct regulatory ple, uncharged tRNA that accumulates in response to domain functioning to recognize each stress condition. amino acid starvation associates with a domain in the By contrast in lower eukaryotes, there appear to be fewer eIF2 kinase GCN2 that is homologous to histidyl-tRNA eIF2 kinases contributing to stress remediation. In the synthetases (Hinnebusch 2000; Wek et al. 2004) . The yeast Saccharomyces cerevisiae, the sole eIF2 kinase Gcn2p resulting conformational change enhances GCN2 phosis activated not only by nutrient limitations, including phorylation of the ␣-subunit of eIF2 at serine-51, leading amino acid, purine, and glucose deprivation, but also by to reduced activity of this initiation factor and lowered high concentrations of sodium, the immunosuppressant general protein synthesis accompanied by enhanced rapamycin, and methyl methanesulfonate (MMS; Hintranslation of specific mRNAs encoding proteins that nebusch 2000; Yang et al. 2000; Goosens et al. 2001 ; remediate stress. In addition to GCN2, three other eIF2 Valenzuela et al. 2001 ; Cherkasova and Hinnebusch kinases have been identified in mammals: HRI that is 2003; Narasimhan et al. 2004; Wek et al. 2004) . Thus, mainly expressed in the erythroid lineage and couples this single eIF2 kinase recognizes a diverse set of stress protein synthesis, predominantly globin in these tissues, conditions. In the yeast Schizosaccharomyces pombe, two to the availability of heme (Chen 2000) ; PEK/Perk that HRI-related enzymes were identified (Zhan et al. 2002) . An important question is whether these S. pombe eIF2 kinases have been adapted to recognize a broad spec-1 shifted from EMM supplemented with all 20 amino acids to
In this report, we find that, in addition to two HRI-EMM containing all amino acids except histidine and 15 mm related enzymes, S. pombe stress response includes a third noblot using polyclonal antibody that recognizes both Isolation of gcn2 ؉ cDNA: To obtain a gcn2 ϩ cDNA, total RNA was isolated from S. pombe as described (Schmitt et phosphorylated and nonphosphorylated forms of this al. 1990) , and purified poly(A) ϩ was prepared by using a initiation factor and found to be unchanged in response MicroPoly(A) Pure isolation kit (Ambion, Austin, TX). Subseto either stress condition. These studies suggest that quent reverse transcription-PCR was carried out using the one or more additional eIF2 kinases contribute to transTitan One Tube RT-PCR system (Roche, Indianapolis). Due lation control in response to stress conditions. To idento the long length of gcn2 ϩ , we carried out the RT-PCR in two steps using primers derived from the S. pombe genomic tify such protein kinases, we used the mammalian eIF2 sequence listed in the overlapping sequencing in GenBank, kinase GCN2, PKR, and PEK sequences as queries and accession nos. SBP18G and SPB36B7. The gcn2 ϩ cDNA fragthe Blast program to search for related eIF2 kinases ments of 2.2 and 2.7 kb were obtained by RT-PCR amplifica- encoded in the S. pombe genome. We found a third eIF2 tion and sequenced by the dideoxy method.
kinase most closely related to GCN2 that was encoded in
Stress assays: Yeast cells were grown to early exponential phase (A 600 Ͻ 0.5) and subjected to stress by adding 100 m adjacent cosmids SPBP18G and SPB36B7 derived from visiae and Neurospora crassa were e-176 and e-163, respecof eIF2␣ under nonstressed conditions. To elicit nutrient stress, cells were transferred from YES medium to EMM or tively. To obtain a gcn2 ϩ cDNA, we isolated poly(A) ϩ stress response, we introduced a linear gcn2::ura4 ϩ DNA knockout cassette into strain CHP428 (h ϩ ade6-210 leu1-32 ura4-D18 his7-366) and a related hri2::leu1 ϩ mutant WY458 and selected for uracil prototrophy. The entire gcn2 ϩ coding region was deleted in each of these strains, which was confirmed by PCR using genomic DNA. To generate S. pombe strains deleted for all three eIF2 kinases or each pairwise combination, the gcn2 Ϫ strain WY743 (h ϩ ) was crossed with strain WY459 (h Ϫ hri1
, and the resulting diploid strain was induced to undergo sporulation. The resulting haploid spores were dissected and analyzed to determine their genotype. Strain WY766 was confirmed to be deleted for all three of the eIF2 kinase genes, and gcn2 ϩ was deleted in combination with hri2 ϩ in strain WY758 and with hri1 ϩ in WY767. As described below, no eIF2␣ phosphorylation was detected in strain WY766 in response to many different environmental stresses, consistent with the idea that there are only three eIF2 kinases in S. pombe. Wek et al. 2004) . We therefore shifted this collection of strains from rich medium, YES, to gcn2 ϩ coding region. The cloned S. pombe cDNA was sequenced by the dideoxy method and was found to be minimal medium, EMM, and cultured these cells for 1 hr at 30Њ. The nutrient downshift elicited eIF2␣ phosidentical with the 4.7-kb genomic sequence, with the exception of the predicted intron located near the 5Ј phorylation predominantly by Gcn2p, with minimal levels of eIF2␣ phosphorylation found in the strains exend of the gcn2 ϩ sequence that was absent in the cDNA. The putative S. pombe Gcn2p ortholog is 1576 amino pressing only Hri1p or Hri2p and no phosphorylation in strain WY766 devoid of eIF2 kinases ( Figure 3A ). acids in length and has the domains conserved among the many GCN2 orthologs, including the conserved Furthermore, we measured phosphorylation of eIF2␣ in response to treatment with 3-aminotriazole (3AT), N-terminal domain (CNT) that facilitates interaction with the Gcn1p regulatory protein, protein kinase doan inhibitor of histidine biosynthesis. Within 1 hr of exposure to 15 mm 3AT, there was a significant inducmain, partial kinase domain, HisRS-regulatory domain, and the carboxy terminus that facilitate yeast Gcn2p tion of eIF2␣ phosphorylation in the wild-type strain ( Figure 3B ). High levels of eIF2␣ phosphorylation were dimerization and ribosomal association (Figure 2 Sood et al. 2000b; Narasimhan et al. 2004; Wek et al. 2004 ). We did not find any addi-WY761) had minimal levels of phosphorylation in response to 3AT treatment. These observations indicate tional sequences in the S. pombe genome that are related to eIF2 kinases PEK or PKR. This bioinformatics analysis, that Gcn2p is activated in S. pombe in response to a shift to reduced nutritional conditions. combined with our earlier report on two HRI-related enzymes, suggests that there are three eIF2 kinases in
We next examined eIF2 kinase activity in the strain collection in response to exposure to 1 m NaCl and again S. pombe. The conserved domain arrangement of the S. pombe GCN2 ortholog suggests that it functions analofound that Gcn2p was the predominant eIF2 kinase ( Figure 3A) . Phosphorylation of eIF2␣ in the strain exgous to that described for this eIF2 kinase in S. cerevisiae and mammals.
pressing only Gcn2p was near that measured in wild-type cells similarly treated with the elevated concentration of Deletion of the gcn2 ؉ gene from the S. pombe genome: To determine the function of gcn2 ϩ in the S. pombe NaCl. By contrast, modest levels of eIF2␣ phosphoryla- Figure 2. -Alignment between Gcn2 orthologs from S. pombe, S. cerevisiae, Drosophila, and mouse. The Gcn2 sequences are represented as a bar with highlights of the conserved N-terminal domain (CNT, also designated G1), which is flanked by charged residues, partial kinase, protein kinase, HisRS related, and the carboxy terminus that facilitates ribosomal binding and GCN2 dimerization (RB/DD). The white portion of the kinase domain represents the insert between subdomains IV and V that is a hallmark feature shared among eIF2 kinases. The length of each GCN2 sequence is shown to the right of the illustrated GCN2 sequence, and the amino and carboxy terminal residues that form the boundary for each region are designated below. Pairwise comparisons were carried out using the Clustal W algorithm (Higgins et al. 1996) . The percentage identity between S. pombe and each of the five regions of the GCN2 orthologs is shown above each bar.
tion were detected in the strain expressing only Hri2p. phorylated eIF2␣ that were similar to that measured in the wild-type cells ( Figure 5 ). No eIF2␣ phosphorylation Together these results suggest that Gcn2p is the primary activated eIF2 kinase in S. pombe subjected to nutritional was detected in the strains expressing only Hri1p or Gcn2p or the mutant cells devoid of all three eIF2␣ stress or elevated NaCl conditions as described for Gcn2p in S. cerevisiae.
kinases. Following 20 or 30 min of heat shock, significant levels of eIF2␣ phosphorylation were observed in both Network of eIF2 kinases recognizes stress in S. pombe: We surveyed a series of stress conditions previously the Hri2p-and the Gcn2p-expressing cells. It is noteworthy with the longer 30-min exposure that there were linked to eIF2␣ phosphorylation to establish the contribution of each of the three eIF2 kinases in the S. pombe reduced levels of eIF2␣ phosphorylation in both the Hri2p-and the Gcn2p-expressing cells, as well as in the stress response. When the collection of strains was exposed to 1 mm H 2 O 2 for 1 hr, eIF2␣ phosphorylation wild-type cells. These results suggest that Hri2p is the predominant eIF2 kinase in response to heat shock, but was induced to a similar magnitude in the cells expressing Hri2p or Gcn2p ( Figure 3A) . Minimal eIF2␣ phosGcn2p has a compensatory role with longer periods of heat stress. phorylation was observed in the strain expressing only Hri1p. These results suggest that the eIF2 kinase func-A final stress condition that was characterized was exposure to the heavy metal cadmium. Cells were grown tions of Hri2p and Gcn2p overlap in S. pombe in response to oxidative stress.
to early exponential phase in YES medium and then exposed to 100 m CdCl 2 for between 1 and 6 hr. With Two stress conditions previously linked to Hri2p were arsenite exposure and heat shock (Zhan et al. 2002) .
increased time of exposure to cadmium there was enhanced eIF2␣ phosphorylation in the wild-type cells that We treated the strain collection with 100 m sodium arsenite. Following 1 hr of exposure to arsenite there was absent in the mutant strain devoid of eIF2 kinases ( Figure 6 ). Following 1 hr of cadmium treatment there was a significant induction of eIF2␣ phosphorylation in the Hri2p-expressing cells, with only moderate levels in was significant phosphorylation of eIF2␣ in the Hri2p-expressing cells, and this level of phosphorylation was the Gcn2p-expressing cells (Figure 4) . Phosphorylation of eIF2␣ was absent in the strain containing only Hri1p.
retained for up to 6 hr of exposure to the heavy metal. By comparison, in the Gcn2p-expressing cells there were A similar pattern of eIF2␣ phosphorylation was detected in cells after 3 and 6 hr of arsenite exposure, although modest levels of phosphorylation of eIF2␣ following 3 hr of CdCl 2 exposure, with a further enhancement after following 6 hr of treatment the levels were reduced in these mutant cells as well as in the wild-type strain 6 hr of this stress. Interestingly, the levels of eIF2␣ phosphorylation in the Hri1p-expressing cells were significompared to the shorter exposure times (Figure 4) . These results support the idea that Hri2p is the primary cantly elevated following 6 hr of heavy metal exposure.
Together these results support a model of compensatory eIF2 kinase in S. pombe treated with arsenic stress, with Gcn2p providing a secondary role. eIF2 kinase activation outlined above. In the example of this heavy metal, Hri2p is the primary eIF2 kinase; The strain collection was next exposed to heat shock at 48Њ for 10, 20, or 30 min. After 10 min of heat shock, however, with longer periods of exposure to cadmium, secondary eIF2 kinases Gcn2p and Hri1p are induced the strain expressing only Hri2p exhibited levels of phos-Stress Activation of eIF2 Kinases Figure 4 .-Hri2p is the predominant eIF2 kinase responding to arsenite stress. Five isogenic strains expressing the entire collection of eIF2 kinases (WT), the indicated eIF2 kinases, or devoid of all three eIF2 kinases (none) were incubated with sodium arsenite for 1, 3, or 6 hr or no stress (0 hr). Cells were collected and washed and equal amounts of lysate based on protein content were analyzed by immunoblot using antibody that specifically recognizes phosphorylated eIF2␣ (eIF2␣-P) or antiserum that recognizes total eIF2 (eIF2␣). different environmental insults. The strain collection was subjected to heat shock for 20 min. After 20-hr recovery from the heat shock, wild-type cells achieved exponential growth and approached stationary phase 
S. pombe cells resumed growth more rapidly following
Alternatively, cells were grown in YES medium in the absence a 1-hr exposure to H 2 O 2 or arsenite stresses compared of stress. Lysates were prepared from the stressed cells, and with heat shock (Figure 7 , B and C). The wild-type strain immunoblots were carried out using polyclonal antibody that showed appreciable growth following 8 hr of the H 2 O 2 specifically recognizes eIF2␣ phosphorylated at serine-51 (eIF2␣-P) or total eIF2␣ protein (eIF2␣). WY766 ( Figure 7B ). These results are consistent with Hri2p and Gcn2p serving as tandem primary eIF2 kinases in response to this oxidative stress, while the Hri1p-and contribute significantly to the levels of eIF2␣ phosexpressing cells appeared devoid of eIF2␣ phosphorylaphorylation. tion ( Figure 3A ). eIF2 kinases facilitate growth resistance to environCells expressing Hri1p, Hri2p, or Gcn2p displayed mental stresses: Given the activity differences between an intermediate growth resistance to arsenic stress comeIF2 kinases in response to stress conditions, we next pared to the wild-type strain, with WY758 (hri1 ϩ hri2 Ϫ wished to address the contribution of Hri1p, Hri2p, gcn2
showing the most growth sensitivity ( Figure 7C ). Treatment with 3AT delayed growth of the wild-type and Gcn2p to growth resistance in response to these Figure 6 .-eIF2 kinases, Hri1p, Hri2p, and Gcn2p, are difeIF2 kinase to respond to heat shock in S. pombe. The wildferentially activated in response to cadmium exposure. The type (WT) strain or mutant versions expressing Hri1p, Hri2p, isogenic collection of strains expressing all three eIF2 kinases Gcn2p, or no eIF2 kinases (none) were incubated at 48Њ for 10, (WT), no eIF2 kinases (none), or Hri1p, Hri2p, or Gcn2p as 20, or 30 min or no stress (0 min). Equal amounts of lysates indicated were incubated with CdCl 2 for 1, 3, or 6 hr or no based on protein content were analyzed by immunoblot using stress (0 hr). Equal amounts of lysate were loaded on the basis antibody that specifically recognizes phosphorylated eIF2␣ of protein content, and immunoblots were carried out using (eIF2␣-P) or antiserum that recognizes total eIF2 (eIF2␣).
antibody that specifically recognizes phosphorylated eIF2␣ (eIF2␣-P) and antiserum that recognizes total eIF2␣ (eIF2␣).
strain compared to nonstressed cells ( Figure 7D ), with appreciable growth following ‫02ف‬ hr of 3AT exposure. showed only modest amounts of eIF2␣ phosphorylation This growth pattern was also observed in Gcn2p-expressfollowing 3 hr of exposure. After 6 hr of cadmium treating cells, while Hri1p-expressing cells showed enhanced ment, eIF2␣ phosphorylation in the Gcn2p-expressing sensitivity to 3AT. Together, these results are consistent cells was similar to that measured in the Hri2p strain. with this Gcn2p being the primary eIF2 kinase in reAt this time point, Hri1p-expressing cells also showed sponse to nutrient limitation. Following a 2-hr exposure significant phosphorylation of eIF2␣. Overall, Hri1p apto 1 m NaCl, wild-type cells resumed exponential growth pears to provide largely a supportive role with the hoafter a 3-hr delay compared to untreated cells. The mologous Hri2p being the more active eIF2 kinase. growth response to 1 m NaCl for the cells expressing an Gcn2p is the primary eIF2 kinase in response to a individual eIF2 kinase or deleted for each of the three different set of stress conditions. Upon exposure to eleprotein kinases was comparable to wild-type cells (data vated levels of NaCl or in response to nutrient downshift, not shown).
there were high levels of eIF2␣ phosphorylation in the cells expressing Gcn2p, with little eIF2 kinase activity in the strains expressing Hri1p or Hri2p (Figure 3 ).
DISCUSSION
Therefore, there are stress conditions in which Gcn2p is the predominant eIF2 kinase. Interestingly, in the Coordinate eIF2 kinase stress pathways in S. pombe: Each eIF2 kinase in S. pombe recognizes a different subset case of H 2 O 2 exposure, both Gcn2p and Hri2p are activated in tandem. Loss of both eIF2 kinases significantly of stress signals with a unique timing for activation. Typically one eIF2 kinase has a predominant role in reduces the growth resistance to H 2 O 2 , emphasizing the importance of eIF2␣ phosphorylation for S. pombe to response to a specific cellular stress condition. For example when exposed to arsenite, cells expressing only overcome this environmental insult (Figure 7) . Comparisons between nutrient stress responses from Hri2p showed significant eIF2␣ phosphorylation within 1 hr of exposure (Figure 4) . By comparison Gcn2p pro-S. pombe and S. cerevisiae: In S. cerevisiae starved for amino acids, phosphorylation of eIF2␣ by Gcn2p invides a compensatory role during arsenite stress, with reduced levels of eIF2 kinase function compared with creases the translational expression of Gcn4p, a transcriptional activator of hundreds of genes involved in Hri2p. Hri2p is also the primary eIF2 kinase in response to heat shock and cadmium stress (Figures 5 and 6 ). In the metabolism of amino acids, nucleotides, and vitamins and the biogenesis of peroxisomes (Hinnebusch the example of cadmium stress, cells expressing Gcn2p Figure 7 .-eIF2 kinases facilitate growth in S. pombe subject to environmental stresses. S. pombe strains WY764 (᭺, WT), WY758 (, Hri1p), WY767 (ᮀ, Hri2p), WY459 (᭡, Gcn2p), and WY766 (᭹, none of the eIF2 kinase genes expressed) were monitored for growth by measuring absorbance at 600 nm. Strains were inoculated in YES medium supplemented with all 20 amino acids and subjected to a 20-min heat shock at 48Њ (A), 1-hr exposure to 1 mm H 2 O 2 (B), or 1-hr exposure to 100 m sodium arsenite (C). Following the stress conditions, cells were grown in the YES medium in the absence of stress. (D) Strains WY764 (WT), WY758 (Hri1p), and WY459 (Gcn2p) were grown in EMM medium in the absence or presence of 15 mm 3AT. Solid lines represent cell cultures treated with 3AT, and dashed lines indicate these strains grown in the absence of stress.
and Natarajan 2002). Uncharged tRNA that accumu- Harding et al. 2003; Vattem and Wek 2004) . In addition to genes involved in metabolism, ATF4 activates lates in response to amino acid deprivation binds to the HisRS-related sequence of S. cerevisiae Gcn2p, leading transcription of those regulating the redox status of the cell and apoptosis. Such conservation of translational to a conformational change that enhances eIF2 kinase activity (Wek et al. 1995; Dong et al. 2000; Qiu et al. control of bZIP transcriptional regulators from yeast to mammals suggests that a related transcriptional activator Wek et al. 2004) . The observation that S. pombe Gcn2p is activated in response to histidine limitais also controlled by eIF2␣ kinases in S. pombe. A number of bZIP transcription factors are present in S. pombe, and tion ( Figure 3B ) and has homology with both the kinase and the HisRS-related domains of S. cerevisiae Gcn2p interestingly two bZIP proteins, Pap1p and Atf1p, are regulated in response to environmental stresses, including UV (Figure 2) suggests that common mechanisms activate these Gcn2p orthologs. Further supporting this comirradiation, oxidative damage, and heat shock (Wilkinson et al. 1996; Degols and Russell 1997; Nguyen et al. 2000) . mon regulation model, S. pombe Gcn2p also has the conserved N-terminal domain (CNT) that is important Conservation of eIF2 kinase stress responses among eukaryotes: The pattern of primary and secondary eIF2 for S. cerevisiae Gcn2p binding to the Gcn1p/Gcn20p complex. Gcn1p/Gcn20p associates with ribosomes and kinases, which differentially contribute to eIF2␣ phosphorylation depending on the specific stress condition is proposed to transfer uncharged tRNA evicted from the A site of ribosomes to the HisRS-related domain of and length of exposure time, is also inferred from studies of mammalian cells. Similar to that measured for S. Gcn2p (Marton et al. 1997; Garcia-Barrio et al. 2000; Kubota et al. 2000; Sattlegger and Hinnebusch 2000;  pombe Hri2p, HRI in mouse fetal liver cells is the primary eIF2 kinase in response to arsenite or heat stress and is Anthony et al. 2004; Nameki et al. 2004; Sattlegger et al. 2004) . Bioinformatic analysis of the S. pombe genome a secondary eIF2 kinase in response to exposure to high concentrations of NaCl (Lu et al. 2001) . GCN2 is the sequence indicates the presence of Gcn1p (NP_595837) and Gcn20p (NP_593669) orthologs, supporting the primary eIF2 kinase in mammalian cells in response to nutrient limitation (Hinnebusch 2000; Wek et al. 2004) . idea that S. pombe Gcn2p is presented with uncharged tRNA by a similar regulatory scheme.
Following 1 hr of leucine limitation in mouse embryo fibroblast (MEF) cells, there is significant induction of It is curious that no Gcn4p ortholog is present in S. pombe, despite the conservation of this basic zipper eIF2␣ phosphorylation that is absent in GCN2-deficient cells (Jiang et al. 2003 (Jiang et al. , 2004 . However, following 6 hr (bZIP) transcriptional activator among a range of fungi, including S. cerevisiae, N. crassa, Candida albicans, and Asperof amino acid deprivation, eIF2␣ phosphorylation levels approached that measured in GCN2 ϩ/ϩ cells. These regillus nidulans (Paluh et al. 1988; Hoffmann et al. 2001; Tripahti et al. 2002) . In mammals, a related bZIP transults suggest that many of the stress recognition properties of eIF2 kinases are conserved from yeast to mamscriptional activator, ATF4, is induced by eIF2␣ phosphorylation through a mechanism of translation reinitimals. Primary and secondary eIF2 kinases also function in response to accumulation of misfolded protein in ation as described for Gcn4p (Harding et al. 2000a;  related to Gcn2p, which modulates stress remediation in response to a diverse set of stress conditions (Sattlegger et al. 1998; Hinnebusch 2000; Wek et al. 2004) . In addition to fungi and mammals, GCN2 is represented throughout eukaryotic organisms, including plants, Arabidopsis thaliana, and invertebrates such as Drosophila melanogaster and Caenorhabditis elegans (Olsen et al. 1998; Figure 8) . It is curious that S. pombe has supplemented Gcn2p with two versions of HRI-related proteins, suggesting that S. pombe may encounter certain cellular stress conditions unique to this yeast. By contrast, HRI is absent in D. melanogaster and C. elegans, which express only GCN2 and PEK (Olsen et al. 1998; Sood et al. 2000a) . Analysis of the recently characterized genome sequence of the mosquito Anopheles gambiae (Holt et al. 2002) , important for the passage of malaria, indicates this arthropod also contains an HRI-related protein (Figure 8) . Furthermore, the silk moth, Bombyx to this ER stress (Harding et al. 2000b; Jiang et al. 2003, Chem. 279: 36553-35661. 2004). However, there are near wild-type levels of eIF2␣ cerevisiae and N. crassa, contain only a single eIF2 kinase,
